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Introduction
Austenitic stainless steels are widely used because of their desirable feature such as high corrosion resistance, excellent formability, superior weldability, nonmagnetic characteristics and high toughness. [1] [2] [3] [4] Considering recent developments in high magnetic field technologies, we are confident that austenitic stainless steels will be used more widely under a combined environment of low temperature, high stress and high magnetic field in near future. However, the austenite phase in stainless steels tends to become unstable under a high stress, low temperature, and high magnetic field.
5-7)
Thus these effects should be well understood in order to use the austenitic stainless steel safely under such combined environment. Concerning the instability of the austenite phase, a martensitic !" 0 ! 0 transformation has been reported to occur in some austenitic stainless steels. The effect of the combined environment described above on the martensitic transformation is especially of importance because many of the excellent properties could be deteriorated if the austenitic phase transforms to the martensite phase. 8) There are several investigations concerning the effect of moderate magnetic field on deformation. For example, flowstress of deformation is reported to increase under a magnetic field of 14 MA/m at low temperature in some steels because of an enhanced martensitic ! 0 transformation, 9) while no effect of magnetic field (3 MA/m) on martensitic transformation was detected in other report. 10) Change in deformation stress under a magnetic field was also reported in an austenitic stainless steel. 11, 12) However, there are few investigations concerning effects of high magnetic field on the stability of the austenite phase. Therefore, in the present study, we will examine the effect of the combined environment on stability of typical austenitic stainless steel of SUS304 and SUS304L by using a pulsed high magnetic field.
Experimental Procedure
In the present study, two kinds of austenitic stainless steels, SUS304 and SUS304L, are examined. The chemical compositions of the steels are shown in Table 1 . Both steels were cold-rolled into a sheet. Specimens for various experiments were cut from the sheets to a suitable size, and then solutiontreated at 1323 K for 0.5 h followed by quenching into iced water. Some of the specimens were sensitized by heattreatment at 973 K for 10 or 100 h. The oxidized surface layer was eliminated by electropolishing, where an electrolyte composed of 85% C 2 H 5 OH and 15% HClO 4 in volume was used.
The stability of stainless steels at low temperatures was examined by two methods: one is magnetic susceptibility measurement at temperatures between 4.2 K and 300 K with a constant rate of 1 K/min, and the other is magnetization measurement after isothermal holding at 77 K. Effect of high magnetic field on transformation behavior was examined by using a pulsed magnet with a maximum magnetic field of 30 MA/m. Since it is well known that a deformation at low temperatures for the present steels induces martensite phase, 5, 6) we carried out the tensile test on the present steels at 77 K using an Instron-type tensile machine with a constant strain rate of 2:6 Â 10 À4 s À1 . In order to examine the effect of martensite formed by the above environment was obtained by a magnetization measurement in a low field range at room temperature (R.T.). The microstructure and crystal structure of the specimens were investigated by optical microscopy, scanning electron microscopy (SEM) and transmission electron microscopy (TEM). Specimens for TEM observation were prepared by electropolishing using an electrolyte consisting of 90% CH 3 COOH and 10% HClO 4 in volume. TEM observation was made with an accelerating voltage of 200 kV.
Results

Effect of temperature on transformation behavior
In order to investigate the martensitic transformation behavior and magnetic properties, we have measured temperature dependence of magnetic susceptibility by applying a low magnetic field of 79.4 kA/m. Figure 1 (a) shows -T curves of the SUS304 in the solution-treated and sensitized states. The -T curve of the solution-treated SUS304 shows a sharp peak at about 40 K due to a paramagnetic to antiferromagnetic transition of the -phase, being in agreement with a report by U. Gonser et al. 13) There is no hysteresis between heating and cooling processes. On the other hand, the -T curve of the SUS304 sensitized for 10 h starts to increase in the cooling process near 250 K due to the formation of ferromagnetic 0 -phase. It also starts to increase near 150 K in the heating process. This behavior means that the martensitic transformation of the sensitized SUS304 proceeds isothermally. Figure 1(b) shows the -T curve of the SUS304L. The solution-treated and sensitized SUS304L both exhibit an increase in susceptibility in the cooling and heating processes between about 160 and 80 K due to isothermal martensitic transformation as in the sensitized SUS304. The Néel temperatures (T N ) of the solution-treated and sensitized SUS304L are also about 40 K and it slightly increases by sensitization treatment possibly due to the decrease in Cr content of the -phase associated with the precipitation of M 23 C 6 .
In order to clarify the isothermal martensitic transformation behavior, we have carried out isothermal holding experiment. Figures 2(a) and (b) show the magnetization curves obtained at room temperature, T R , for a solutiontreated SUS304L without and with isothermal holding at 77 K for 10 6 s, respectively. As known from the figure, the spontaneous magnetization does not appear in the specimen without isothermal holing, while it appears in the specimen with isothermal holding. Similar magnetization measurements have been made for the solution-treated SUS304, the sensitized SUS304 and the sensitized SUS304L with different time of isothermal holding. Then, the relation between isothermal holding time at 77 K and the amount of 0 martensite, f 0 , is shown in Fig. 3 . The fraction f 0 is calculated from the spontaneous magnetization of the specimen at room temperature M 0 ðT R Þ, and that of the
Here, the magnetization 14) We know from Fig. 3 that f 0 increases with increasing holding time, and also increases with increasing sensitization time for both steels. In the case of the sensitized SUS304L, f 0 is about one order in magnitude larger than that in the sensitized SUS304.
In order to know isothermal transformation sequence in the present steels, we have made SEM and TEM observations. Figure 4 is a SEM microstructure of a solution-treated SUS304L after isothermal holding at 77 K for 10 6 s. In the figure, a band is seen in the matrix of the -phase as indicated by 'A'. In addition, we notice some wedge-shaped plates inside the band as indicated by 'B'. Considering previous reports, 6, 15) the banded plate indicated by 'A' is due to the formation of " 0 -martensite and the wedge-shaped plates correspond to the 0 -martensite. Similar results have been obtained in a sensitized SUS304L after isothermal holding. Then, we know that the isothermal martensitic transformation sequence of the solution-treated and sensitized SUS304L is !" 0 ! 0 , as reported previously. 6, 15) In the sensitized SUS304 and SUS304L, however, we found that direct ! 0 transformation occurs during isothermal holding at 77 K. A typical microstructure is shown in Fig. 5 . The wedge-shaped plates of the 0 -phase are formed in the -phase. Also, we have observed the direct ! 0 transformation by TEM. Figure 6 (a) shows a TEM micrograph of the 0 martensite formed in the matrix (-phase) of a sensitized SUS304. From the diffraction pattern (b) and its schematic illustration (c), we know that the orientation relationship between 0 and satisfies the Kurdjumov-Sachs relation, 16) which is characteristic to the direct ! 0 transformation observed in many steels.
Effect of magnetic field on transformation behavior
We have investigated the effect of high magnetic field on martensitic transformation for the solution-treated and sensitized SUS304 and SUS304L. In order to examine the effect of high magnetic field on the transformation of single -phase state, we applied pulsed high magnetic field of up to 30 MA/m at 4.2 K (<T N ) and at 77 K (>T N ) of singlephase state, and found that no magnetic field-induced transformation occurs at these temperatures.
Next, in order to examine the effect of high magnetic field on the " 0 ! 0 transformation, we have applied a pulsed high magnetic field at room temperature to a solution-treated SUS304L in a mixed state of -, " 0 -and 0 -phases, state of which was formed beforehand by isothermal holding at 77 K for 10 6 s. Figure 7 shows magnetization curve obtained at R.T. in a low field range of the solution-treated SUS304L before (a) and after (b) a high magnetic field application (30 MA/m at 77 K). Obviously, the magnetization is increased by the high field application, meaning that the 0 is further induced from the " 0 by magnetic field. The change in the fraction of 0 by the high filed application is about 0.3%. Similar result is obtained for a sensitized SUS304L, in which the fraction of 0 has been increased by about 1%. However, magnetic field-induced transformation was not observed in a sensitized SUS304 by isothermal holding at 77 K for 10 6 s. The different influence of magnetic field on !" 0 ! 0 and " 0 ! 0 transformations will be discussed later. 
Effects of Magnetic Field and Deformation on Isothermal Martensitic Transformation in SUS304 and SUS304L Steels
Effect of deformation under a uniaxial stress on transformation behavior
We have carried out tensile tests on the solution-treated and sensitized SUS304 and SUS304L, and evaluated the amount of deformation-induced martensite. The magnetization curves obtained at 77 K for a solution-treated SUS304L deformed at 77 K by 5% and 30% (nominal strain) are shown in Fig. 8(a) and (b) , respectively. The spontaneous magnetization of these curves is due to deformation-induced 0 -phase. Similar results are obtained in all the solution-treated and sensitized steels. We can evaluate the fraction of 0 martensite by the same method mentioned in section 3.1 and the results are shown in Fig. 9 for the solution-treated and sensitized SUS304 (a) and SUS304L (b). The amount of 0 increases with increasing strain, but it does not depend on the effect of sensitization. In order to investigate the transformation sequence of deformation-induced martensite, we have made SEM and TEM observations. Figure 10 shows SEM (a) and TEM (b) observation results obtained at R.T. in solution-treated SUS304L deformed at 77 K by 1%. In (a), we notice banded plates which corresponds to the " 0 -phase formed in the -phase. Figure 10(b) shows the bright field image of an " 0 -plate. We notice some particles in the " 0 -plate. From the electron diffraction pattern corresponding to the encircled area, this particle is confirmed to be the 0 -phase. The same microstructure was observed in all the solutiontreated and sensitized stainless steels. From these results, deformation-induced transformation sequence is confirmed to be !" 0 ! 0 for all the steels. It should be noted that the thickness of deformation-induced " 0 plate is very thin compared with that of isothermally induced " 0 shown in Fig. 4 .
Effect of combined environment on transformation
behavior In order to examine the martensite transformation behavior under a combined environment of high magnetic field and deformation, we have applied a high magnetic field at 77 or 4.2 K on the present steels which deformed beforehand at 77 K. Figure 11(a) is an example showing the effect of high magnetic field of 27.8 MA/m at 77 K for a solutiontreated SUS304L deformed beforehand by 5% at 77 K. As known from (a), there is neither abrupt increase in magnetization nor hysteresis in the curve. This result means that 0 is not formed by the high field application in the specimen. This fact can be also confirmed by magnetization curves at room temperature in a low field region measured before and after the high field application (Fig. 11(b) ). The two magnetization curves completely coincide, meaning no increase in the fraction of the 0 -phase. Similar results are obtained for the solution-treated and sensitized SUS304 and SUS304L which were deformed beforehand 10, 15 and 30% at 77 K and/or 4.2 K.
Discussion
The present results of low temperature, high magnetic field, deformation and combination of them on martensitic transformation of the two steels are summarized in Table 2 . From the summary, we know the following: (i) The 0 -phase is not induced by the application of the magnetic field from a solution-treated -phase, and (ii) although the 0 -phase is induced by magnetic field in the " 0 -plate formed beforehand by isothermal transformation, it is not induced by magnetic field in the " 0 -plate formed beforehand by deformation.
We first discuss the reason of (i). Since both -and " 0 -phase are nonmagnetic, the change in free energy by magnetic field is small for both the phases, and consequently the !" 0 transformation will not be induced by the application of magnetic field. As a result, the !" 0 ! 0 transformation is not induced by the application of magnetic field. For further discussion, magnetic properties of " 0 -martensite are needed.
Next we discuss the reason of (ii). Since the 0 -phase is ferromagnetic and " 0 -phase is nonmagnetic, the free energy of the 0 -phase decreases compared with the " 0 -phase by the application of magnetic field. Then the 0 -phase can be induced by magnetic field, and actually it is induced in the " 0 -plate formed by isothermal holding of the solution-treated and sensitized SUS304L as described in Fig. 7 . On the other hand, the 0 -phase was not induced from the " 0 -plate formed by deformation in the same steel. The difference cannot be explained by only the magnetic energy. The thickness of the " 0 -plate should be considered to understand the difference. As described previously, the " 0 -plate induced by deformation is very thin compared with that induced by isothermal holding. The formation of the 0 -phase from the thin " 0 -plate will be suppressed due to the grain size effect, considering that martensitic transformation temperature is well known to decrease with decreasing grain size in many steels. [17] [18] [19] Presumably, higher magnetic field is required to induce the 0 -phase in the thin " 0 -plate formed by deformation.
Conclusions
We have investigated effects of magnetic field and deformation on isothermal martensitic transformation in SUS304 and SUS304L steels, and the following results are obtained. at room temperature in a low field region before and after the high field application (b). Prior to high field application, the specimen was worked by 5% at 77 K. Table 2 Martensitic transformation sequence in austenitic stainless steels induced by isothermal holding at 77 K (IH), by an application of a high magnetic field without isothermal holding (HMF), by an application of a high magnetic field at 77 K after isothermal holding (IH!HMF), by deformation at 77 K (DF), and by an application of a high magnetic field after deformation (IH!HMF). 
